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Abstract 
Understanding the mechanical functionalities of complex biological systems requires the 
measurement of the mechanical compliance of their smallest components. Here, we develop a 
force microscopy method to quantify the softness of a single antibody pentamer by measuring 
the stress-strain curve with force and deformation resolutions, respectively, of 5 pN and 50 pm. 
The curve shows three distinctive regions. For ultrasmall compressive forces (5-75 pN), the 
protein’s central region shows that the strain and stress are proportional (elastic regime). This 
region has an average  Young modulus of 2.5 MPa. For forces between 80 and 220 pN, the stress 
is roughly proportional to the strain with a Young modulus of 9 MPa. Higher forces lead to 
irreversible deformations (plastic regime). Full elastic recovery could  reach  deformations 
amounting 40% of the protein height.  The existence of two different elastic regions is explained 
in terms of the structure of the antibody central region. The stress-strain curve explains the 
capability of the antibody to sustain multiple collisions without any loss of biological 
functionality.  
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INTRODUCTION 
Mechanical properties at the nanoscale have a significant role in different molecular and cell 
biology processes
1
. Tumor progression is favored by a remodellation of the mechanical stiffness 
of the extra cellular matrix
2
. Improved extensibility such as the one found in fibrin proteins is 
achieved via the formation of repeated units of hydrogen bonds in alpha helical folds
3
. It has 
been reported that the misfolding mechanisms of amyloid proteins involves fibrils of different 
stiffness
4
.
 
Some proteins polymerize into spirals to accumulate elastic energy. That energy  is 
driving force for lipid membrane deformation
5
. Secreted proteins such as pentameric IgM 
antibodies
6
 experience multiple and unspecific collisions with other proteins, cells or extra-
cellular matrix components without any loss of biological activity. This implies that protein 
deformation is either negligible or that the protein fully recovers its size and shape after a 
collision. The mechanical response of any material to a tensile or compressive load is contained 
in the stress-strain curve
7
. That curve has never been reported for a single and isolated protein.  
Dynamic and contact atomic force microscopy (AFM) methods have been applied to measure 
the protein flexibility of packed arrays of proteins
8-16
, and in some cases, of single proteins
17-24
.  
However, force microscopy methods based on the acquisition of force-curves have a major 
limitation to measure the stress-strain curve of a single protein. Forces and deformations are 
mixed in the observables.  Hence, cantilever deflection is an input in both the determination of 
the force and the deformation. Thus the error associated with the measurement of the deflection 
propagest in both the force and the deformation.   Neutron scattering experiments can detect the 
average fluctuations of the atoms in a polypeptide chain which do provide an estimation of the 
protein softness
25
. Optical methods in combination with gold nanoparticles have been applied to 
measure the viscoelastic response of some enzymes
26
. However, neutron scattering and optical 
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methods provide the average value of the mechanical response of an ensemble of millions of 
proteins. 
Here we develop a dynamic force microcopy method to measure the stress-strain curve of a 
single protein by applying forces in the 20-300 pN range. The measurements show that a folded 
IgM pentamer has two elastic and one plastic region before fracture. We show that the central 
domain of an IgM could sustain elastic strains  of about  0.4 (40% of the nominal protein 
thickness)  which is equivalent to a compressive deformation of 2.8 nm.  The elastic regime is 
characterized by two different elastic moduli, 2.5 MPa for very small forces (below 75 pN) and 9 
MPa for applied forces between 80 and 220 pN. The ability to perform these measurements rests 
on several instrumental developments that enable (i) to measure, independently and 
simultaneously, the forces and the associated deformations (ii) the capability of imaging proteins 
in liquid at sub-30 pN forces. 
EXPERIMENTAL METHODS 
Hybrid dynamic AFM 
The experiments have been performed in liquid with a Cypher S microscope (Asylum Research, 
Santa Barbara, USA). We have used AC-40TS cantilevers (Olympus, Japan) with typical values 
of k≈ 0.07 N/m, f0≈ 25 kHz and Q≈ 2 for applying forces below 120 pN. For higher forces we 
used OMCL-RC800PSA (Olympus, Japan) cantilevers characterized by k≈ 0.76 N/m, f0≈ 16 kHz 
and Q≈ 2.2. The last two parameters correspond to measurements in water. The force constant 
and the quality factor of the cantilevers were determined using the thermal noise method. The 
amplitudes used to gather the data of Figs. 2-3 were in the 1.8- 2.4 nm range. Some of the AFM 
images have been processed by using the WSxM program
27
. 
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Sample preparation 
 Human IgM antibodies were purchased from Chemicon, Inc., USA. A 20 μl drop of NiCl2 (50 
mM) is deposited on a freshly cleaved mica surface and incubated for 30 seconds. NiCl2 is used 
to functionalize the mica surface for enhancing the adsorption of the antibodies. Next a 5 μl drop 
taken from a  40 μg/ml of IgM antibodies diluted in PBS was injected into the NiCl2 drop. After 
an incubation period of 60 seconds, the sample was rinsed with distilled water in order to remove 
weakly attached proteins. 
Data analysis 
The quantitative data of Figures 3(c), 3(d), 5 are the average values of 10 antibodies molecules 
which remained in the same conformation throughout the experiment (See Figure S3). 
The deformation of the antibody as a function of the forces has been determined by comparing 
the height of the top of the IgM before and after the application of a force (Figure 3 and Figure 
S4).  However, the IgM is also deformed at the smallest force applied here (22 pN). So the 
absolute deformation must take into account the initial deformation. The initial deformation δ0 
can be acquired from the force curve recorded on the central region of an IgM,  
00 zzc                                                                                                                    (5) 
where zc is the piezo displacement (tip-surface separation), Δzc is the difference in piezo 
displacement between the contact point  zc1  and the piezo displacement during imaging zc2 (see 
Figure S5);  z0 is the mean deflection of the tip.  
 
 5 
 
RESULTS AND DISCUSSION  
 
The force microscopy method implemented here is a hybrid of frequency and amplitude 
modulation AFM methods
28-30
. From amplitude modulation AFM
31
 , it incorporates the condition 
of keeping fixed the driving force and oscillation amplitude during imaging. From frequency 
modulation AFM
32 
, it incorporates the condition of performing the imaging with the oscillation 
tuned at the actual resonant frequency.  It has two main feedback loops (Fig. 1(a)). First, an 
image is taken while the amplitude of the oscillation is kept at fixed value. During the imaging 
process, the amplitude of the force that drives the oscillation of the cantilever  Vexc  is also kept at 
a fixed value which is higher than the one used to excite initially the cantilever  Vexc,0  (≈20 nm 
above the antibodies).   The second loop tracks the actual resonant frequency of the 
microcantilever so the oscillation is always phase shifted 90º degrees with respect to the driving 
force. The first feedback loop provides a robust imaging process and enables the acquisition of 
high resolution images at very small forces. The second loop enables the accurate determination 
of the force (more details in SI ). The use of a z-feedback loop based on keeping constant the 
driving voltage while imaging has been proposed as an alternative to frequency modulation AFM 
operation in air or liquid
32-34
. There the changes in the nature of the force (attractive versus 
repulsive) could destabilize the frequency feedback loop of the microscope. 
Measuring the mechanical response of a single protein near physiological conditions is  
challenging for at least two reasons, (i) the small value of the forces involved in generating 
elastic deformations  and  (ii)  the need to combine force measurements with high resolution 
images of single proteins. As the experimental sample, we chose pentameric antibodies (IgM) 
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(see SI). This is the first type of antibody that enters the bloodstream upon infection. It has five 
identical monomers, each of them made of two fragment antigen binding regions Fab and a tail 
fragment Fc
35
 (Fig. 1(b)). It also contains a J-chain that links two contiguous Fc fragments.  The 
IgM offers a distinctive morphology that allows its unambiguous identification by force 
microscopy.  The adhesion force between the mica substrate and the IgM in liquid  is very small. 
During the measurements is not uncommon to see the protein displaced by the lateral force of the 
tip. This fact also emphasizes the relevance of applying sub-50 pN forces while imaging 
proteins. The experimental method involves the application of several   forces on a single protein 
and the measurement of the resulting deformations.  The last aspect requires the acquisition of 
high resolution images with lateral and vertical values, respectively, of 2 nm and 0.05 nm. We 
note that with a single microcantilever we could not cover the range of forces applied here (20 to 
300 pN).   For that reason very soft cantilevers (~0.07 N/m) have been used to apply forces in the 
20 to 120 pN range while stiffer cantilevers (~ 0.7 N/m) have been used to apply forces in the 
100 to 300 pN range. There is a force region around 100 pN were both cantilevers could be used 
to perform the measurements. This overlap will enable to record the stress-strain curve without  
discontinuities. 
By measuring the height difference of the protein before, during and after the application of a 
given force we determine the protein’s deformation and its nature, elastic or plastic.  A force 
causing a plastic deformation will produce a permanent reduction of the maximum protein 
height.  By separating the elastic and plastic regimes we determine the Young modulus and yield 
strength of the protein. To simplify the analysis, the height measurements are taken on the 
protein central region. This region is easily identified. It is also independent of any change of the 
molecule orientation with respect to the mica surface.  
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Figure 2 shows several high resolution AFM images of IgM antibodies deposited on mica.  The 
measurements are performed with the proteins and the microcantilever-tip ensemble immersed in 
water at 30ºC. The random deposition process and the flexibility of the proteins generates several 
morphologies, notably some molecules show a pentameric structure (Fig. 2(a)). The high 
resolution images show a central region surrounded by five protrusions with an overall  
pentameric structure (Fig. 2(b) and 2(c)). The central region has a diameter of about 15 nm while 
its maximum  height  is force dependent (Fig. 3(a)-(c)).  The images are in agreement with the 
structure deduced from homology considerations and  cryo-microscopy measurements
35
. They 
also agree with previous AFM measurements
21
. Under a force of 22 pN we estimate an initial 
elastic deformation of the central region of 1.1 nm (see Methods). The above images represent 
raw data without corrections from the tip-protein convolution effects. 
The experiment to determine the stress-strain curve of a single IgM protein is divided in two 
steps. First we perform measurements in the elastic regime by applying very small forces (sub-80 
pN range).  Figure 3(a) shows the cross-section of the central region of the IgM as a function of 
the applied force. The force applied on the protein is determined by using Sader-Jarvis’ method36 
(see SI for the expression). In this experimental run, we have applied six forces of 22, 30, 37, 47, 
65 and 22 pN. To facilitate the comparison we plot the height cross-sections at F1, F5 and F6 
(Fig. 3(b)). The top height at F1 and F6 do coincide. This observation underlines the elastic 
character of the deformations. We note that by increasing the force from 22 pN to 65 pN  the 
maximum height of the central region decreases by 0.9 nm (Fig. 3(c)). Similar results have been 
obtained with other IgM molecules (See SI, Fig. S4). We also observe that the small peak 
associated to a Fab fragment that has disappeared in the profile taken at 65 pN is recovered once 
the force is lowered to 22 pN. The lateral component of the force during imaging induces some 
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rotation in the IgM; this could explain the shape mismatches observed at the protein sides. The 
uncertainty in the force increases with the applied force. This is due to the dependence of the 
force reconstruction algorithm on the observables (see SI). 
There are several methods to determine the effective Young modulus Eeff   of a material
25,37
 from 
AFM measurements. The dominant approach is by fitting the force versus deformation data with 
a contact mechanics model.  The use of continuum elastic models to describe the deformation of 
biomolecules is supported by molecular dynamics simulations
38
. We have applied this method to 
the central region of the IgM by using the model proposed by Chadwick and co-workers. This 
model removes the effect of the substrate stiffness on the measurement
39-40
.  The bottom effect 
Hertz correction (BEHC)
39
 model expresses the force as 
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where R is the probe radius,  h the protein thickness (height) and δ the deformation. To deduce 
the coefficients of Eq. 1, we have assumed a Poisson’s ratio for the protein of 0.3. In the 
following calculation we have used R= 8 nm. This value has been deduced by comparing the size 
and shape of the high resolution images of the IgM  (Fig. 2(b)-(c)) with the size and shape 
obtained by computing simulations using a probe of that radii
41
. In general, proteins are several 
orders of magnitude more compliant than a silicon tip, then the effective Young modulus of the 
probe-protein interface Eeff  coincides with the one of the protein (Eeff ≈ E(protein)). 
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By fitting the data to the contact mechanics models (Fig. 3(d)) we deduce an effective Young 
modulus of 2.5 MPa for BEHC. The above values are in the same order of magnitude range that 
the ones deduced by computer simulations of the AFM dynamics
42
. The data corresponds to the 
central region of IgM pentamer (Fc domains and J-chain). We also plot the data obtained with 
Hertz contact mechanics for completeness (4.9 MPa). Hertz contact mechanics gives higher 
values because is based on a semi-infinite solid. This assumption might not be satisfied when 
characterizing very thin specimens such as an IgM protein (~7 nm). 
To determine the complete stress-strain curve of IgM requires to apply forces that produce 
plastic deformations. By using a stiffer cantilever (~0.7 N/m) we were able to apply forces of a 
few hundreds of pN (Fig. 4). The experiments show an IgM that has been imaged at 230 pN then 
at  315 pN and finally at 230 pN. The three height profiles do not coincide which indicates a 
plastic deformation. This is in contrast  what was obtained by applying smaller forces (Fig. 3(b)).  
To transform the data of Figures 3 and 4 into a stress-strain curve we have calculated a mean 
compressive stress over the protein central region by  
  
 
    
 
 
    
                                                                                                          (3) 
where F is the applied force and a the contact radius.  The yield strength could be determined 
from the above equation by measuring the smallest force Fm that generates a permanent 
deformation of the central region of the antibody, this also will determine the yield point
43
. 
By introducing the elastic and plastic deformation data into equation 3 we generate the stress-
strain curve of the central region of the antibody (Fig. 5(a)). The curve shows the elastic and 
plastic regimes. In particular, the elastic region is divided in two sections. First, the stress 
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increases linearly with the strain (0.15 to 0.3 range). We propose that the mechanical response in 
this region is   dominated by the elastic deformation of Cμ4 domains (mostly beta-sheets). At 
higher strains (0.3-0.4) there is significant increase  in the slope. This could indicate the 
participation of  Cμ3 domains. Those domains lie below the Cμ4 domains in the mushroom 
shaped IgM structure
35
 (Fig. 1(b)). The shaded region (strains below 0.15) has not been 
measured. To access that region requires the application of forces in the sub-10 pN range. Room 
temperature operation of an AFM (imaging mode) at those forces is beyond the state-of-the-art.  
 The shape of the above stress-strain curve has similarities with some curves measured on  
macroscopic polycrystalline materials such as iron alloys
7
. This observation underlines a 
common property in mechanical deformation that spans different length scales and crystalline 
structures. However, the maximum stress of a single protein before plastic deformation is about 
two orders of magnitude smaller than the one of a metal. In addition, the central region of the  
IgM is about  10
2
 times more deformable than some iron alloys. On the other hand, the stress-
strain curve reported here shows similarities as well as differences with respect to the curves 
obtained from macroscopic measurements performed on elastic proteins
44-46
. 
In the elastic regime, the Young modulus is the proportional factor between the stress σ and the 
strain ε. 
                 (4) 
From the stress-strain curve we obtain slopes of 5 MPa and 17 MPa for the first and second 
elastic regions.  However those numbers should take into account the influence of the rigid mica 
substrate on the measurements. After the correction we obtain 2.5 and 9 MPa. We note that at 
low strains the Young modulus derived from the stress-strain curve and the one deduced from 
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the force curve (Fig. 3(d)) are identical. This agreement demonstrates the validity of the hybrid 
dynamic AFM method to determine the stress-strain curve.  
The central region (Fc fragments and J-chain) can sustain elastic strains of 0.4 (about 40% of the 
nominal protein height, 7.1 nm). Those values explain the capability of IgM antibodies to sustain 
multiple collisions with other proteins, cells and tissues without any loss of biological 
functionality. The maximum contact stress for thermal induced collisions is estimated to be in 
the 0.1-0.5 pN/nm
2
 range, this is, a few times smaller than the yield strength of the IgM. The 
yield strength of the protein also places a limit to the value of the forces used for high resolution 
and non-invasive imaging of biomolecules
47-56
. Those forces are protein dependent. However, for 
globular-like proteins with a secondary structure dominated by beta-sheets, we expect a similar 
trend, consequently forces above 200 pN should not be applied during AFM imaging. 
The value of the effective Young modulus could also influence the early stages of the antibody-
antigen recognition process. We suggest that an EIgM~2.5 MPa maximizes the non-specific work 
of adhesion while enabling the protein lateral diffusion by random-walk processes
56
.  Our 
analysis is based on the relationship between deformation and work of adhesion,      
                
   , where γ and rp  are, respectively, the surface energy of the bacterial 
surface-IgM interface and the effective radius of central region of the protein.  The E of IgM 
optimizes the non-specific adhesion with respect to the values of very compliant (1-10 kPa, such 
as cells) and rather stiff (1 GPa, such as a virus) biomolecules. The relative work of adhesion (all 
the other parameters constant) scales as  Wadh(5 MPa)/Wadh(10 kPa) =0.016 and Wadh(5 
MPa)/Wadh(1 GPa) =34. A very compliant response will hinder the lateral diffusion while a 
stiffer response will imply a negligible work of adhesion. The protein will have a high 
probability of being released from the surface after a collision. 
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CONCLUSIONS 
We have developed a force microscopy method to quantify the softness of a single antibody 
pentamer by measuring the stress-strain curve. The method enables to control the application of 
20 pN forces in liquid and at room temperature with force and deformation resolutions, 
respectively, of 5 pN and 50 pm. The stress-strain curve shows three distinctive regions. For low 
strains the protein’s central region shows that the stress and strain are proportional (elastic 
regime). This region has an average Young modulus of 2.5 MPa. For strains between 0.25 and 
0.4, the data suggests a different elastic region where the stress is roughly proportional the strain 
with a Young modulus of 9 MPa. Higher strains lead to generation of irreversible deformations 
(plastic regime). The existence of two different elastic regions is explained in terms of the 
complex structure of the antibody central region. The Young modulus of the central region of 
protein measured from force curves and contact mechanics models coincides with the one 
deduced from the stress-strain curve. This agreement validates the hybrid dynamic AFM method 
to determine the stress-strain curve of proteins. The deformability of the antibody explains its 
capability to sustain multiple collisions without any loss of biological functionality.  
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FIGURES 
Figure 1. Scheme of the experimental setup and the force microscopy method. (a) Scheme of the 
hybrid dynamic force microscopy method. The relationship between the main feedback loops 
and the associated physical processes. (b) IgM pentamer model. The bottom figure shows a 
cross-section (only two monomers are shown). The Cµ4 and Cµ3 domains are marked.  Fab 
domains are colored in yellow and the central region formed by the association of the Fc tails of 
the monomers is shown in green
35
. (c) Scheme of the method to measure the stress-strain curve 
of a single antibody. The undistorted profile of a single protein is recorded at a very small force 
(~25 pN), afterwards the protein profile is recorded at higher forces. Forces producing non-
permanent changes in the height profile enable the determination of the protein’s elastic 
parameters while the onset of permanent deformations marks the transition to the plastic regime.  
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Figure 2. High resolution (height representation) AFM images of IgM antibodies in liquid. (a) 
IgM antibodies deposited on a mica surface. Several individual IgM pentamers are imaged. (b) 
High resolution AFM image of a single IgM and cross-section along the dashed line. The 
pentameric structure is fully resolved. (c) High resolution AFM image of a single IgM and cross-
section along the dashed line. Full width at half height maximum is provided.   
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Figure 3. Forces and non-permanent deformations on single IgM antibodies in liquid. (a) 
Deformation of a single IgM under different forces. The experimental run involves the 
application of six different forces and the measurement of the resulting deformations in the 
sequential order of 22, 30, 37, 47, 65 and 22 pN. The height profiles have been vertically 
displaced for clarity. The inset shows an AFM image of the IgM. (b) Comparison of the height 
profiles for 22 pN (initial), 65 pN (maximum force in this experimental run) and 22 pN (final). 
(c) Experimental relationship between the applied force and the height of the top of an IgM. By 
extrapolating the data we deduce that a force of 5 pN will be needed to measure the IgM with a 
negligible deformation (~0.1 nm).  (d) Plot of the force versus the deformation in the elastic 
regime. The data is fitted to BEHC and Hertz contact mechanics models.  
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Figure 4. Protein plastic deformation. Images and height profiles of a single IgM before and 
after the onset of plastic deformation. The right panel shows the profile across the marked line in 
left panel. The forces applied during imaging are indicated. 
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Figure 5. (a) Stress-strain curve of a pentameric IgM in liquid. The elastic, plastic and yield 
point are marked. The measurements are performed on the central region of the antibody (inset, 
~15 nm in diameter). This region is formed by five Fc domains and the J-chain. The Young 
modulus  values have been corrected from the influence of the substrate. The values obtained 
directly from the slope of stress-strain curve are indicated in parenthesis.  (b) Forces applied to 
determine the stress-strain curve. The shaded region involves the application of forces beyond 
the state-of-the art of AFM.  
 
 
 
 
 
